The kinetics and mechanism of the pyridinolysis (XC 5 H 4 N) of dimethyl isothiocyanophosphate are investigated in acetonitrile at 55.0 o C. The Hammett and Brönsted plots for substituent X variations in the nucleophiles exhibit two discrete slopes with a break region between X = 3-Ac and 4-Ac. These are interpreted to indicate a mechanistic change at the break region from a concerted to a stepwise mechanism with a rate-limiting expulsion of the isothiocyanate leaving group from the intermediate. The relatively large β X values imply much greater fraction of frontside nucleophilic attack TSf than that of backside attack TSb. The steric effects of the two ligands play an important role to determine the pyridinolysis rates of isothiocyanophosphates.
4 chlorophosphates with regard to the leaving group mobility, selectivity parameter, steric effects of the two ligands, and mechanism.
The B3LYP/6-311+G(d,p) geometries, bond angles, and natural bond order (NBO) charges of 1 in the gas phase are shown in Figure 1 .
5 The MO theoretical structure shows that the three oxygens and nitrogen have more or less distorted tetrahedral geometry with the phosphorus atom at the center. The degree of distortion of 1 (Δδ GS = 0.39) is similar to 2 (Δδ GS = 0.38) and smaller than 3 (Δδ GS = 0.42) due to larger size of the two phenoxy ligands compared to the two methoxy (and ethoxy) ligands.
6

Results and Discussion
The reactions were carried out under pseudo-first-order conditions with a large excess of pyridine. The observed pseudo-first-order rate constants (k obsd ) for all the reactions obeyed Eq. (1) with negligible k 0 (≈ 0) in MeCN. The second-order rate constants (k 2 ) were determined with at least five pyridine concentrations. The linear plots of Eq. (1) suggest a lack of any base-catalysis or side reaction, and the overall reaction is described by Scheme 1.
The second-order rate constants [
)] are summarized in Table 1 . The Brönsted β X value was calculated by correlating log k 2 (MeCN) with pK a (H 2 O). 7 This procedure of using pK a (H 2 O) instead of pK a (MeCN) values of Xpyridines has been shown to be justified theoretically and experimentally since there is a practically constant difference between the two sets of pK a 's in H 2 O and in MeCN for various X-pyridines so that the slopes in the two solvents differ insignificantly.
8 The pyridinolysis rates are not consistent with a typical nucleophilic substitution reaction. The rate becomes slower with a weaker nucleophile for X = (4-MeO, 4-Me, H, 3-MeO, 3-Cl, 3-Ac). However, the rate with X = 4-Ac is unusually 5.8 times faster than with X = 3-Ac in spite of greater basicity of 3-acetylpyridine compared to 4-acetylpyridine. After a break region, the rate becomes slower with a weaker nucleophile for X = (4-Ac, 3-CN, 4-CN). Thus, both the Hammett ( Fig. 2 ; log k 2 vs σ X ) and Brönsted [ Fig. 3 ; log k 2 vs pK a (X)] plots for substituent X variations in the nucleophiles exhibit two discrete slopes with a break region between X = 3-Ac and 4-Ac, giving ρ X = -5.57 ± 0.25 (r = 0.989) and -5.95 ± 0.01 (r = 0.999), and β X = 1.01 ± 0.21 (r = 0.993) and 0.47 ± 0.61 (r = 0.451) with X = (4-MeO, 4-Me, H, 3-MeO, 3-Cl, 3-Ac) and X = (4-Ac, 3-CN, 4-CN), respectively. The magnitudes of the Hammett coefficient with more basic pyridines are slightly smaller than that with less basic pyridines. However, the Brönsted coefficient with more basic pyridines is slightly greater than that with less basic pyridines. It needs to be stressed that the Brönsted coefficient with more basic pyridines should be slightly smaller than that with less basic pyridines since the magnitude of Hammett coefficient is proportional to that of the Brönsted coefficient. Herein, the problem is ascribed to the different sequence of σ X and pK a (X) values: X = 4-Ac [σ X = 0.50, pK a (X) = 2.38]; 3-CN [σ X = 0.56, pK a (X) = 1.45]; and 4-CN [σ X = 0.66, pK a (X) = 1.86], giving poor correlation coefficient for Brönsted plot with less basic pyridines (vide infra). Biphasic free energy relationships, the two discrete slopes with a break region between X = 3-Ac and 4-Ac, were also found for the pyridinolysis of 2 in MeCN at 55.0 o C. These kinetic results strongly suggest: (i) a change of the reaction mechanism from more basic to less basic pyridines; (ii) the same mechanism for both 1 and 2.
The second-order rate constants (k 2 ) with unsubstituted pyridine (C 5 H 5 N) at 55.0 o C, NBO charges at the reaction center P atom in the gas phase [B3LYP/6-311+G(d,p) level of theory], 5 summations of Taft's steric constants of the two ligands [ΣE S = E S (R 1 ) + E S (R 2 ) from E S (R i ) = 0.00(Me), -0.07(Et), and -2.48(Ph)], 9 Brönsted coefficients (β X ), and cross-interaction constants (CICs, ρ XY )
10 for the pyridinolyses (XC 5 H 4 N) of 1-3 and 1'-3' in MeCN are summarized in Table 2 . The pyridinolysis rate ratios of k(1')/k(1) = 7.7, k(2')/k(2) = 12, and k(3')/k(3) = 257 indicate that chloride is better leaving group compared to isothiocyanate and that the leaving group mobility is strongly dependent upon the nature of the two ligands. The magnitude of the NBO charge of the reaction center P atom does not play any role to determine the leaving group mobility. The relative rates of 5.7(1):2.9(2):1(3) indicate that the steric effects of the two ligands are the predominant factor to decide the reactivities of isothiocyanophosphates, i.e., the greater the two ligands, the rate becomes slower. The degree of steic effects of the two ligands on the pyridinolysis rates of isothiocyanophosphates can be qualitatively estimated by the Taft's eq. of log k H = δΣE S + C, giving δ = 0.13 (r = 0.934).
9, 11 The pyridinolysis rates of chlorophosphates are also qualitatively dependent upon the steric effects of the two ligands, when excluding diphenyl chlorophosphate (3' with Y = H), giving δ = 0.72 (r = 0.904) with 1', The pyridinolyses of 1'-3' involving the chloride leaving group yielded linear free energy relationships for substituent X (and Y) variations in the nucleophiles (and substrates) whereas those of 1-3 involving the isothiocyanate leaving group yielded biphasic free energy correlations for substituent X (and Y) variations in the nucleophiles (and substrates). The substituent effects on the pyridinolyses of 1-3 are more significant than those of 1'-3'. A concerted mechanism with both frontside and backside nucleophilic attack was proposed for the reactions of 1' and 2' on the basis of the magnitudes of relatively large β X [= 0.63(1') and 0.73(2')] values.
3 A concerted mechanism with an early TS involving backside nucleophilic attack towards the Cl leaving group was proposed on the basis of small negative CIC (ρ XY = -0. 15) 10 and small values of Brönsted coefficients (β X = 0.16-0.18) for the pyridinolysis of 2'.
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The change of the leaving group from chloride to that of a lower leaving ability, isothiocyanate, can cause a change in mechanism from a concerted to a stepwise process with a rate-limiting breakdown of the intermediate. This is in accord with the well established trend of the mechanistic change depending on the leaving group ability: the lower the leaving ability of the leaving group, the greater is the tendency for a stepwise mechanism with a rate-limiting expulsion of the leaving group from the intermediate.
14 The free energy correlations of the pyridinolyses of 3 involving isothiocyanate leaving group are biphasic concave upwards with X while biphasic concave downwards with Y, and proposed mechanisms were as follows on the basis of the values of selectivity parameters (ρ X and β X ) and sign of the CICs (ρ XY ), divided into four groups: (i) for stronger nucleophiles and weaker electrophiles, a concerted process with a frontside nucleophilic attack TSf (Scheme 2); (ii) for weaker nucleophiles and weaker electrophiles, a concerted process with a backside attack TSb (Scheme 2); (iii) for stronger nucleophiles and stronger electrophiles, a stepwise mechanism with a rate-limiting leaving group departure from the intermediate involving a frontside attack TSf; and (iv) for weaker nucleophiles and stronger electrophiles, a stepwise mechanism with a rate-limiting leaving group departure from the intermediate involving a backside attack TSb.
In the present work of 1, the Hammett and Brönsted plots for substituent X variations in the nucleophiles show two discrete slopes with relatively large β X values: β X = 1.01 and 0.47 with more basic (X = 4-MeO, 4-Me, H, 3-MeO, 3-Cl, 3-Ac) and less basic pyridines (X = 4-Ac, 3-CN, 4-CN), respectively, as observed in the pyridinolysis of 2. Note that the two β X values are comparable regardless of the nature of the substituent X, more basic or less basic pyridines (vide supra). 15 The discrete two slopes with X in the nucleophiles and biphasic concave downward free energy relationships with Y in the substrates values were observed for the reactions of Y-O-aryl methyl phosphonochloridothioates [Me(YC 6 H 4 O)P(=S)Cl] with X-pyridines in MeCN, and proposed mechanisms were as follows on the basis of the magnitudes of selectivity parameters (ρ X , ρ XY , and β X ) and sign of the CICs (ρ XY ): (i) for stronger nucleophiles and weaker electrophiles, a concerted process (or a stepwise mechanism with a rate-limiting bond formation) involving a backside attack TSb; (ii) for weaker nucleophiles and weaker electrophiles, a stepwise mechanism with a rate-limiting leaving group departure from the intermediate involving a frontside attack TSf; (iii) for stronger nucleophiles and stronger electrophiles, a stepwise mechanism with a ratelimiting leaving group departure from the intermediate involving a backside attack TSb; and (iv) for weaker nucleophiles and stronger electrophiles, a stepwise mechanism with In the present work, thus, the authors propose a concerted S N 2 mechanism (or a stepwise mechanism with a ratelimiting bond formation step) for more basic pyridines and a stepwise mechanism with a rate-limiting leaving group departure from the intermediate for less basic pyridines on the basis of the pyridinolysis mechanism of Y-O-aryl methyl phosphonochloridothioates, showing same free energy relationship as the present work with X. The relatively large β X values imply much greater fraction of frontside nucleophilic attack TSf than that of backside attack TSb.
Activation parameters, enthalpies and entropies of activation, are determined for 3 cases as shown in Table 3 . The enthalpies of activation are relatively low (4-9 kcal mol ). The relatively low of activation enthalpy and large negative value of activation entropy are typical for the aminolyses of P=O systems.
Experimental Section
Materials. HPLC grade MeCN (less than 0.005% water content) was used without further purification. The X-pyridines (GR grade) were used without further purifications. The substrate was synthesized as previously mentioned way, 1,2,17 where methyl dichlorophosphate was taken into a round-bottomed flask with MeCN as solvent. Equivalent amount of potassium thiocyanate solution were taken into another flask with 25 mL acetonitrile. Then the potassium thiocyanate solution was added to methyl dichlorophosphate solution dropwise with a vigorous stirring on a cooling bath at -5.0 o C. The reaction was allowed for 5 hr after completion of addition of potassium thiocyanate. Then the reaction system allowed rising its temperature up to room condition (24.0 o C) to reach in equilibrium. Solvent was evaporated under reduced pressure and 30 mL ethyl ether was added to it. Insoluble potassium chloride was removed by filtration. The product was isolated by column chromatography using 50% ethylacetate and n-hexane after evaporation of ether under evacuated pressure. Product was finally isolated by removing solvent under vacuum using oil diffusion pump. The analytical data of the substrates are given bellow (see Supporting Information):
( 
